Introduction
COPD contributes significantly to morbidity and mortality, and is predicted to be the third leading cause of death worldwide by 2030. 1, 2 COPD is characterized by chronic and progressive breathlessness, cough, and sputum production, which can all be a major cause of disability. 1 Bronchodilators are central to the pharmacological management of COPD. 1 Longacting muscarinic antagonists (LAMAs) are an integral part of management in stable COPD and have been shown to provide improvements in lung function, hyperinflation, symptoms, and health status, while reducing exacerbations. [3] [4] [5] However, until recently, tiotropium (TIO) was the only LAMA available for patients with COPD. 6 Three other LAMAs, aclidinium bromide (twice daily), 7 glycopyrronium bromide (once daily), 8 and umeclidinium (UMEC; once daily), 9, 10 have now been approved for the treatment of COPD. The results of two randomized active comparator clinical trials of twice-daily aclidinium bromide 400 µg and once-daily glycopyrronium 50 µg showed that both these drugs had similar efficacy to TIO 18 µg, as assessed by trough forced expiratory volume in 1 second (FEV 1 ). 11, 12 However, limited data are available comparing the efficacy and safety of UMEC with other LAMAs.
The main aim of this study was to investigate whether treatment with once-daily UMEC 62.5 µg was non-inferior to TIO 18 µg, as assessed by trough FEV 1 on treatment day 85 in symptomatic patients with moderate-to-severe COPD. Additionally, efficacy, as assessed by other lung function and patient-reported outcomes (PROs), and safety of UMEC and TIO were also evaluated.
Methods study design
This was a 12-week, multicenter, randomized, blinded, doubledummy, parallel-group study, conducted in patients with COPD between September 2014 and June 2015 (GSK study number: 201316; Clinicaltrials.gov identifier: NCT02207829) in Canada, Chile, Denmark, France, Germany, Italy, Romania, Korea, South Africa, the Russian Federation, the Ukraine, and the USA.
Patients meeting the eligibility criteria at screening (Visit 1) completed a 7-14-day run-in period prior to randomization. Eligible patients were then randomized at clinic Visit 2 (day 1) to 12 weeks of treatment. Clinic visits during the 12-week treatment period were on days 2, 28, 56, 84, and 85. In a subset of patients (n=250), 24-hour serial spirometry was conducted at days 1 and 84. Inhaler assessments were conducted to evaluate errors, ease of use, and inhaler preference.
The study protocol and written informed consent were reviewed and approved by the Chesapeake Institutional Review Board, as well as each relevant national, regional, or independent ethics committee or institutional review board, in accordance with Good Clinical Practice. This study was conducted in accordance with Good Clinical Practice and the ethical principles outlined in the Declaration of Helsinki (2008). 13 
Patients
Patients eligible for inclusion were $40 years of age with a diagnosis of COPD in accordance with the American Thoracic Society/European Respiratory Society definition, 14 current or former cigarette smokers with ten or more packyears cigarette smoking history, had a pre-and post-albuterol/ salbutamol FEV 1 /forced vital capacity (FVC) ratio of ,0.70, and a post-albuterol/salbutamol FEV 1 of 30%-70% of predicted normal values. Patients also had a dyspnea score of $2 on the modified Medical Research Council Dyspnea Scale at Visit 1.
Key exclusion criteria included pregnancy, a current diagnosis of asthma or other significant respiratory disorder or other condition that may affect respiratory function (eg, unstable or life-threatening cardiac disease, a neurological condition), lung volume reduction surgery, or hospitalization for COPD/pneumonia within 12 weeks prior to Visit 1. Patients were also excluded for the use of long-term oxygen therapy (prescribed for .12 hours per day) and use of COPD maintenance medications other than study medication, with the exception of inhaled corticosteroids (ICSs). The use of prohibited medications (Table S1 ) within the specified time periods also excluded patients from the study.
Treatments
After the run-in period, patients were randomized 1:1 to oncedaily UMEC 62.5 µg (delivering 55 µg) administered via the ELLIPTA™ dry powder inhaler (DPI) plus placebo (PBO) administered via the HandiHaler ® , or once-daily TIO 18 µg (delivering 10 µg) administered via the HandiHaler ® plus PBO administered via the ELLIPTA™ DPI. Patients were provided albuterol/salbutamol for use as a rescue medication. Active and PBO inhalers were identical in appearance, and all patients and physicians were masked to study treatment as described previously. 15, 16 Further details on study blinding are provided in the Supplementary materials section.
The randomization code was generated by GSK using a validated computerized system RandAll version NG. Patients were randomized using RAMOS interactive voice technology. Randomization was further stratified according to whether or not the patient participated in 24-hour serial FEV 1 assessments.
Outcomes and assessments

Primary end point
Trough FEV 1 on day 85 (defined as the mean of the FEV 1 values obtained 23 and 24 hours after dosing on day 84) in the per-protocol (PP) population.
Other lung function outcomes
Other lung function end points included the following: trough FEV 1 on day 85 in the intent-to-treat (ITT) population;
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Umeclidinium versus tiotropium in COPD trough FEV 1 on days 2, 28, 56, and 84 (ITT population); trough FVC on days 2, 28, 56, 84, and 85 (ITT population); weighted mean (WM) FEV 1 over 0-12 hours post-dose, 12-24 hours post-dose, and 0-24 hours post-dose, each on days 1 and 84 (subset analysis); and serial FEV 1 on days 1 and 84 (subset analysis).
Patient-reported outcomes
PROs included Transition Dyspnea Index (TDI) focal score and the proportion of TDI responders on days 28, 56, and 84. TDI responders were defined as patients with a $1 unit TDI focal score. 17 St George's Respiratory Questionnaire (SGRQ) total score and the proportion of SGRQ responders on days 28 and 84 were also assessed. SGRQ responders were defined by a reduction from baseline of $4 units in SGRQ total score. 18 Finally, COPD Assessment Test (CAT) score and the proportion of CAT responders (defined as a reduction from baseline of $2 units in CAT score 19 ) were assessed on days 28 and 84. Rescue medication was also an end point and was assessed by the mean number of puffs/day of rescue medication and percentage of rescue-free days over the study duration (weeks 1-12).
Inhaler assessments
Patient preference for the ELLIPTA™ DPI compared with the HandiHaler ® was assessed at the end of the patient's treatment phase, and "ease of use" rating for the ELLIPTA™ DPI compared with the HandiHaler ® was assessed on days 28 and 84. Inhaler errors (IEs) were assessed in a subset of patients on days 1, 28, and 84 using the IE checklists, based on steps in the patient information leaflets for each inhaler. 20, 21 A critical error was predefined as an error that was most likely to result in no or only minimal medication being inhaled. An overall error included a critical and noncritical error.
Post hoc analyses
Post hoc analyses were performed on trough FEV 1 in the ITT population. These included a subgroup analysis by Global initiative for chronic Obstructive Lung Disease (GOLD) Grade 1/2 and Grade 3/4, and GOLD Groups B and D. Additionally, a subgroup analysis by ICS use at screening was performed. An analysis by GOLD Grade 1/2 and Grade 3/4, each split by ICS use, was also performed.
A post hoc FEV 1 responder analysis (by GOLD grade) was performed, whereby a response was defined as an increase of $100 mL above baseline in trough FEV 1 (minimum clinically important difference [MCID] 22 ).
safety end points
Safety assessments included the incidence of adverse events (AEs) and vital sign measurements. The incidence of COPD exacerbations was also assessed. A COPD exacerbation was defined as an acute worsening of symptoms of COPD requiring the use of any treatment beyond study medication or rescue albuterol/salbutamol. This included the use of systemic corticosteroids, antibiotics, and/or emergency treatment or hospitalization. Patients experiencing an exacerbation remained in the study at the discretion of the study investigator if they received #14 days of treatment with systemic corticosteroids or antibiotics and did not require hospitalization.
statistical analysis non-inferiority and superiority criteria
The non-inferiority margin was set at -50 mL, which is half the generally accepted MCID for trough FEV 1 . 22 UMEC was therefore considered non-inferior to TIO if the lower boundary of the 95% confidence interval (CI) around the UMEC versus TIO treatment difference was greater than -50 mL, and superior if it was greater than 0 mL.
Testing hierarchy
Inferences drawn from the P-values presented in this study were as follows: If non-inferiority of UMEC versus TIO was demonstrated for the primary end point, inference was drawn from P-values for treatment comparisons that were statistically significant (P,0.05). If superiority of UMEC versus TIO was demonstrated for the primary end point, P-values were used to indicate the strength of that superiority, and inference was drawn from P-values for treatment comparisons (statistically significant if P,0.05). If non-inferiority of UMEC versus TIO was not demonstrated for the primary end point, no inference was drawn from P-values for treatment comparisons on other end points.
analysis populations
The ITT population comprised all patients randomized to treatment who received at least one dose of study medication.
The PP population comprised all patients in the ITT population, including those who did not complete the study, who did not have a protocol deviation considered to impact efficacy. The PP population was used for analysis of the primary comparison of the primary end point only, to avoid bias of the results toward equivalence, which could make a truly inferior treatment appear to be non-inferior. 23 This approach was intended to maximize any true differences International Journal of COPD 2016:11 submit your manuscript | www.dovepress.com
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Feldman et al between treatments and has been employed in a previous non-inferiority study. 11 As the study was not designed to detect non-inferiority on the other end points, the ITT population (or a subset thereof) has been used for other end points because it adheres to the randomization procedure and is generally conservative. 24 Patients experiencing a COPD exacerbation were also excluded from PP analyses from the onset of the exacerbation, owing to the potential impact that the exacerbation or medications used to treat it may have had on efficacy data.
The 24-hour (TFH) population comprised all patients in the ITT population for whom 24-hour spirometry was performed. The TFH population was used for the analysis of serial FEV 1 and 0-12-, 12-24-, and 0-24-hour WM FEV 1 end points.
The IE population comprised all patients in the ITT population who completed the IE checklist. The IE population was used for the analysis of critical and overall IE end points.
sample size
Sample size calculations used a one-sided 2.5% significance level and an estimate of residual standard deviation for trough FEV 1 of 220 mL.
With a non-inferiority margin of -50 mL, and assuming that the true mean treatment difference was 0 mL, it was calculated that a study with 816 evaluable patients would have 90% power to determine the non-inferiority of UMEC compared with TIO based on trough FEV 1 at day 85 (PP population). A total of 1,006 patients were planned for randomization, based on an estimated 10% of patients providing a day 85 assessment being excluded from the PP population and a 10% withdrawal rate. The sample sizes for the TFH and IE populations were chosen to provide an adequate number of data points to characterize the lung function response over 24 hours and the IEs, respectively, and were not based on providing an adequate number of patients for statistical analysis purposes.
Results
Patient disposition and characteristics
Of the 1,259 patients enrolled, 1,017 were randomized to treatment and comprised the ITT population, of which 941 patients completed the study (UMEC, n=467; TIO, n=474; Figure 1 ). The PP population comprised 976 patients (UMEC, n=489; TIO, n=487; Figure 1 ). There were 295 patients in the TFH population (UMEC, n=148; TIO, n=147). 
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Umeclidinium versus tiotropium in COPD Patients had symptomatic moderate-to-severe COPD (GOLD Grade 2-3 and GOLD Groups B and D), and the majority of patients were male (Table 1) . Baseline demographics were similar between UMEC and TIO treatment groups (Table 1) .
lung function end points
Primary efficacy end point
The least squares (LS) mean change from baseline in trough FEV 1 was greater with UMEC than with TIO at day 85 in the PP population (difference: 59 mL, 95% CI: 29-88; P,0.001; Figure 2 ). Similar results were observed in the analysis of trough FEV 1 at day 85 for the ITT population (53 mL, 95% CI: 25-81; P,0.001; Table 2 ).
Other lung function end points
UMEC resulted in a statistically significant difference in LS mean change from baseline trough FEV 1 versus TIO at days 28, 56, and 84 (all P#0.003) but not at day 2 ( Figure 2 ). UMEC also demonstrated a statistically significant difference in LS mean change from baseline trough FVC versus TIO at days 28, 56, 84, and 85 (all P#0.016) but not at day 2 (Table S2) .
UMEC was similar to TIO in 0-12 and 0-24 hours postdose WM FEV 1 at day 84 (0-12 hours post-dose: 39 mL, 95% CI: -24 to 101; P=0.222; and 0-24 hours post-dose: 55 mL, 95% CI: -2 to 113; P=0.058; Table 2 ). Treatment with UMEC resulted in statistically significant improvements in 12-24 hours post-dose WM FEV 1 at day 84 compared with TIO (70 mL, 95% CI: 14-127; P=0.015; Table 2 ).
On day 1, the difference between treatment groups in LS mean change from baseline in FEV 1 was similar at all time points through 24 hours post-dose ( Figure 3A ), but on day 84, the difference between UMEC and TIO in LS mean change from baseline in FEV 1 favored UMEC through 24 hours post-dose, with statistically significant differences at pre-dose (P=0.005) and from 21 hours onward (21 hours post-dose: 76 mL, 95% CI: 11-141, P=0.022; and 24 hours post-dose: 67 mL, 95% CI: 8-126; P=0.026; Figure 3B ).
Patient-reported outcomes
TDI focal score, sgrQ total score, and CaT score Similar improvements were observed in TDI, SGRQ, and CAT score for UMEC and TIO (Table 3 ). Both treatments demonstrated improvements in the LS mean change from baseline in SGRQ total score that met the MCID of $4 units at day 84 (Table 3 ). These trends were also observed on days 28 and 56 (Table S3 ). No differences were observed in SGRQ or CAT score between UMEC and TIO at day 28 (Table S3 ) or day 84 (Table 3 ). UMEC and TIO resulted in 
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Feldman et al TDI focal scores that exceeded the MCID of 1 unit at day 84 (Table 3 ). However, no treatment difference between UMEC and TIO was observed for TDI at days 28 and 56 (Table S3 ) and day 84 (Table 3) . Approximately half of patients in each treatment group were considered to be responders to TDI, SGRQ, and CAT on day 84 with no difference in the odds of being a responder versus being a nonresponder for each end point (Table 3 ).
rescue medication use
There were no differences between treatment groups in the LS mean change from baseline in rescue medication use over weeks 1-12 (0.0 puffs/day, 95% CI: -0.2 to 0.1; Table 3 ), or in the median percentage of rescue-free days (0.0, 95% CI: 0.00 to 0.18; Table 3 ).
Inhaler assessments
At the end of the treatment period, a larger proportion of patients indicated an overall device preference for the ELLIPTA™ inhaler compared with the HandiHaler ® (57% and 19%, respectively; Table 4 ). At day 84, 95% of patients rated the ease of use of the ELLIPTA™ inhaler as "Very easy" or "Easy", while 78% rated the ease of use of the HandiHaler ® as "Very easy" or "Easy" ( Table 4 ). The proportion of patients reporting "Neutral" in the ease-of-use assessment at day 84 was 16% for the HandiHaler ® and 5% for the ELLIPTA™ inhaler (Table 4 ). On days 1, 28, and 84, the proportion of patients with at least one overall error ranged between 8% and 13% and was similar between both treatment groups. The proportion of patients with critical errors with the ELLIPTA™ inhaler and with the HandiHaler ® was very low at all clinic visits for both inhaler types and ranged between 1% and 4%.
Post hoc analyses
The LS mean change from baseline in trough FEV 1 for UMEC at day 85 was greater for patients with GOLD Grade 2 COPD than those with GOLD Grade 3 COPD with both UMEC and TIO (Table S4 ). A greater difference in the LS mean change from baseline in trough FEV 1 in favor of UMEC versus TIO was observed for patients with GOLD Grade 2 COPD (63 mL, 95% CI: 25-100; P=0.001; Table S4 ) but not for patients with GOLD Grade 3 COPD at day 85 (39 mL, 95% CI: -4 to 82; P=0.074; Table S4 ). Patients in GOLD Group B and Group D had significant differences in the LS mean change from baseline in trough FEV 1 in favor of UMEC versus TIO (57 mL, 95% CI: 16-98; P=0.006; and 46 mL, 95% CI: 7-85; P=0.020, respectively; Table S4 ). The LS mean change from baseline in trough FEV 1 was greater for UMEC compared with TIO for both ICS users and ICS nonusers (Table S4 ). For patients with GOLD Grade 3 COPD, a greater difference in the LS mean change from baseline in trough FEV 1 in favor of UMEC was observed for ICS users (65 mL, 95% CI: 7-123; P=0.028) but not for ICS nonusers (9 mL, 95% CI: -55 to 72; P=0.784). UMEC was associated with a greater chance of having an increase in trough FEV 1 from baseline of $100 mL above baseline at day 85 compared with TIO (UMEC 53%; TIO 45%; odds ratio: 1.35, 95% CI: 1.06-1.74; P=0.017; Table S4 ), and at days 28, 56, and 84 (Figure 4 ).
safety
The overall incidence of AEs during treatment was similar between both treatment groups (32% in the UMEC group and 30% in the TIO group; Table 5 ). The most common AEs were headache (6% for both treatments) and nasopharyngitis (5% for both treatments). Two deaths occurred on-treatment during the study (TIO, ,1%). Neither of the two events (alcohol poisoning, seizure) were considered related to study drug by the reporting investigator.
A total of 58 patients (11%) in the UMEC group and 48 patients (9%) in the TIO group experienced an ontreatment COPD exacerbation. There were minimal changes from baseline in vital signs over the treatment period for either treatment group (Table S5 ). The incidence of AEs of 
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Discussion
This study aimed to determine whether once-daily UMEC 62.5 µg was non-inferior to TIO 18 µg by trough FEV 1 in patients with symptomatic moderate-to-severe COPD. In this randomized trial, UMEC 62.5 µg was found to be both non-inferior and superior to TIO 18 µg, when assessed by trough FEV 1 at day 85 in the PP population (treatment difference: 59 mL, 95% CI: 29-88), as the lower bound of the 95% CI around the treatment difference exceeded 0 mL. Similar differences in this primary end point were observed in the ITT population. As with the primary end point, UMEC demonstrated statistically significant improvements in trough FVC at days 28, 56, 84, and 85 compared with TIO. Interestingly, the treatment difference for trough FEV 1 and FVC did not reach statistical significance after the first dose (day 2) but was apparent at day 28, the first assessment after repeat dosing. The 12-to 24-hour WM FEV 1 at day 84 was statistically significantly greater for UMEC versus TIO, whereas there were no differences between the treatments for WM FEV 1 over 0-12 and 0-24 hours. This result was further supported by serial FEV 1 measurements and demonstrates the 24-hour duration of bronchodilation action with UMEC, possibly suggesting that UMEC has greater efficacy in the second half of a 24-hour dosing interval than TIO. Analyses performed post hoc highlighted that more patients receiving UMEC than patients receiving TIO achieved a clinically important ($100 mL) improvement in trough FEV 1 . Patients also generally favored using the ELLIPTA™ inhaler over the HandiHaler ® , as shown by the larger proportion of patients reporting a device preference and greater ease of use for the ELLIPTA™ inhaler compared with the HandiHaler ® . A possible explanation for the difference in bronchodilation between UMEC and TIO is the dose-response relationships of the two drugs. Dose-response evaluations for UMEC and TIO in COPD have shown that both drugs have relatively flat dose-response curves. [25] [26] [27] Nevertheless, these evaluations showed dose differentiation for both drugs, with maximal improvements in lung function generally observed at doses above the approved doses evaluated in the current study. [25] [26] [27] Therefore, a potential explanation for the difference in bronchodilation between UMEC and TIO is that the approved dose of UMEC (62.5 µg) 9,10 is more optimally positioned near the top of its dose-response curve compared with the approved dose of TIO (18 µg). 28 Additionally, while both compounds are very potent muscarinic antagonists, they are chemically distinct, providing a different array of receptor-ligand interactions. 29 Although quite speculative, differences in interactions with muscarinic receptors may also contribute to differences in functional activity. However, to understand differences in pharmacology between these two drugs, they would have to be tested at equi-effective doses, preferably in the same subjects.
Finally, because of the differences in administration between the two medications and the different device used for each, it is not possible to determine whether the differences in bronchodilator effect observed are due to pharmacologic effects of the drugs themselves or to differences in the devices that might have influenced inhalation technique and/or drug absorption and lung deposition. There was a higher patient preference for the ELLIPTA™ device compared with the HandiHaler ® device, particularly for ease of use. The preferred device may have been used more effectively, thus leading to improved administration of the drug. This in turn could have contributed to the greater improvement in lung function results for UMEC compared with TIO. However, further studies would be necessary to confirm or differentiate these effects.
The incidence of any AEs was similar between both treatment groups, and the most common AEs were headache and nasopharyngitis, in agreement with previous studies of UMEC 62.5 µg. 6 Improvements from baseline in TDI, SGRQ score, and CAT score were demonstrated with both UMEC and TIO. No differences in rescue medication use were observed between UMEC and TIO, as assessed by mean number of puffs per day of rescue medication and percentage of rescue-free days over weeks 1-12. There were no statistically significant between-group differences for PROs.
The reason for the difference between objective lung function assessments and the subjective PRO assessments is likely to be multifaceted. It is possible that the extra ≈60 mL in trough FEV 1 at day 85 observed with UMEC versus TIO in this study is the result of improved bronchodilation during the second part of the day, when patients' levels of activity are not sufficient to provoke symptoms. 30 Furthermore, patients with COPD have reported that the early morning involves the greatest burden on them in terms of symptoms. 30 Therefore, PROs which focus on the early morning period may be required to detect a treatment difference in PRO assessments between UMEC and TIO. In support of this hypothesis, it is notable that significant reductions in the limitation of morning activities were documented in favor of aclidinium versus TIO. 12 Additional studies are required to explore this further. In addition, because PROs are subjective outcomes and marked clinically important benefits on TDI and SGRQ were seen from baseline with both LAMAs, alternative study designs may be needed to increase sensitivity to detect differences in PROs between the two active LAMAs.
Until this investigation, studies specifically designed and powered to compare the efficacy and safety of UMEC with blinded TIO were lacking. A Phase II 14-day study, which included an open-label TIO 18 µg arm, demonstrated that short-term efficacy was achievable with UMEC 62.5 µg and TIO 18 µg. 26 However, previous studies comparing twicedaily aclidinium and glycopyrronium with TIO failed to show similar findings. 11, 12 In a study which compared aclidinium with TIO, aclidinium showed comparable efficacy to TIO by change from baseline morning trough FEV 1 at week 6 (treatment difference: 38 mL, not significant). 12 Similarly, glycopyrronium was shown to be non-inferior to TIO by trough FEV 1 at week 12 (difference: 0 mL, P,0.001). 11 There are potential limitations to the interpretation of the data in this study. First, there were differences in the markings between the TIO and PBO capsules which may be seen as influencing the blinding of study treatment. However, a similar methodology to account for this has been used in previous studies that have detected no differences in trough FEV 1 between the alternative LAMA therapy glycopyrronium and TIO (eg, the GLOW5 comparator trials of glycopyrronium versus TIO). 11 Second, this was a controlled, short-term study in which patients were supervised while administering their study medication. Therefore, patients were expected to have minimal critical errors in device handling. Additionally, critical errors were measured in a subset of patients only, and so these results are less likely to be definitive. Longer-term studies in a real-world population are required to further characterize the frequency of critical errors with these inhalers. Finally, the duration of this study was too short to evaluate the comparative efficacy of UMEC and TIO on exacerbation rate.
Conclusion
The results of this randomized trial indicate that treatment with UMEC provides superior efficacy when assessed by trough FEV 1 at day 85 versus TIO in patients with symptomatic moderate-to-severe COPD. Both treatments showed clinically meaningful improvements in PRO assessments, with no significant differences between treatment groups for TDI, SGRQ, and CAT scores. UMEC and TIO showed similar tolerability and safety profiles.
